The displacement of a more viscous fluid by a less viscous one in a quasi-two dimensional geometry leads to the formation of complex fingering patterns. This fingering has been characterized by a most unstable wavelength, λc, that depends on the viscosity difference between the two fluids. In this study, we show that there is a second, previously overlooked, parameter that characterizes the global features of these patterns. As the lower viscosity fluid is injected, there is an inner region where the outer fluid is completely displaced. The ratio of the length of the fingers to the radius of the stable region depends only on the viscosity ratio of the fluids and is decoupled from the most unstable wavelength.
One of the earliest and most important examples of pattern formation is the viscous fingering instability, which occurs when a less viscous fluid displaces a more viscous one confined within a thin gap. Since the work of Saffman and Taylor in 1958 [1] , a large literature has been dedicated to interpreting the formation of these structures [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Understanding their evolution is not only important for studying pattern formation [12] [13] [14] , but it also has industrial applications in hydrology, petroleum extraction, sugar refining and carbon sequestration [15] [16] [17] [18] .
The majority of the work has been focused on understanding the onset of the instability, when a circular interface develops small finger-like protrusions [7, 8, 10, 19, 20] . These studies are typically done in a Hele-Shaw cell, which consists of two parallel plates placed a small distance apart, where a high viscosity fluid, η out , is displaced by a lower viscosity fluid, η in . Saffman and Taylor showed that there is a most unstable wavelength, λ c , that depends on the difference in viscosity, ∆η ≡ η out − η in , the interfacial tension, σ, the interfacial velocity, V , and the plate spacing, b [1] :
However, these studies neglect the global features of the fingering patterns that are formed at late times after the fingers are fully developed. In particular, we find that these patterns are not only characterized by the finger length and width but also by an interior region in which the outer fluid is completely displaced. This is shown by the three images in Fig. 1 . In all cases, the viscosity difference, ∆η, the interfacial tension, σ, the plate spacing, b, and the flow rate, q, are held nearly constant as given in the figure caption. The distinctively different patterns are created simply by varying the viscosity ratio, η in /η out . With increasing η in /η out , the inner circular region increases dramatically. Such behavior was previ- ously noted in the singular case of miscible fluids where the interfacial tension is nearly zero [21] . In this paper, we show that this is a general result even for immiscible fluids. Moreover, we show that this inner region is independent of all the parameters that control the most unstable wavelength. This is difficult to do in experiments with miscible fluids where λ c in Eq. 1 is cut-off by the plate spacing, b [20, 22] .
The experimental set-up consists of two glass plates of 14 cm radius and 1.9 cm thickness to form the Hele-Shaw cell. The plates are maintained at a constant gap, b, by placing spacers of various thickness, ranging from 102 µm to 635 µm, at the edges of the plates. The liquids are injected through a 1.6 mm hole in the center of the plate using a syringe pump (New Era Pump Systems NE-1010) that maintains the volumetric flow rate at a set constant value. The patterns are recorded at frame rates ranging arXiv:1410.7623v1 [physics.flu-dyn] 28 Oct 2014
Determination of the characteristic length scales defining the large-scale structure and the most unstable wavelength, λc. The inner radius, Ri, is the radius of the largest circle completely inscribed in the inner fluid. The outer radius, Ro, is the radius of the smallest circle that encloses the entire pattern. The finger length is R f ≡ Ro − Ri. λc is defined as half the width of a finger just before it splits, as indicated in the time series of three images in the bottom panel.
from 5 fps to 14 fps.
In our experiments we use silicone oils (Clearco) of viscosities ranging between 98 mPa s and 1011 mPa s as the outer fluid. Both glycerol-water mixtures (Fisher Scientific) and mineral oils (Fisher Scientific) are used as the inner fluids. These two combinations have very different interfacial tensions: 24 mN/m -29 mN/m for pairs of silicone oil/glycerol-water mixtures and 1 mN/m -1.2 mN/m for pairs of silicone oil/mineral oil combinations. The inner fluids are dyed using Brilliant Blue G dye (Alfa Aesar) or Oil Red O dye (Sigma-Alrich) to enhance the contrast between the inner and outer fluids. Interfacial tensions, measured using the pendant drop method, are in agreement with literature values [23] .
To characterize the overall shape of the patterns, we define three characteristic length-scales as shown in the top panel of Fig. 2 . We define an inner radius, R i , which is the radius of the largest circle that fits completely inside the inner fluid and an outer radius, R o , which is the smallest circle that encloses the entire pattern. The length of the finger is
The most unstable wavelength, λ c , is determined by half the width of a finger before a splitting event, as shown in the bottom panels of Fig. 2 . To account for the decrease in velocity with the distance from the center of our radial cell, we only consider splitting events that occur within a radius of 3 cm to 5 cm from the nozzle.
The growth of the patterns is characterized by an ini- tial fast growth of R f /R i that gradually slows down as the pattern grows larger, as shown in Fig. 3a for three different viscosity ratios. While the overall dependence is similar for all three data sets, the absolute value of R f /R i is very different.
In order to compare the patterns formed at different viscosity ratios, we measure R f /R i when the outer radius R o reaches 8 cm. In Fig. 3b we show that R f /R i measured at this value decreases rapidly with increasing η in /η out . In all of this data, we have varied η in /η out in such a way as to leave ∆η nearly constant (∆η = 298±5 mPa s). We have also kept q, b and σ the same. As shown in Fig. 3c , the most unstable wavelength does not change under these conditions, whereas R f /R i drops by more than a decade and a half.
R f /R i clearly depends on the viscosity ratio, η in /η out . To understand what other parameters it might depend on, we systematically vary one of the control parameters at a time, while leaving the others fixed. The results are shown in Fig. 4 . In the left-most column, we show that a change in ∆η by a decade leaves R f /R i unchanged. The most unstable wavelength, however, decreases with increasing ∆η consistent with Eq. 1. In the middle and right columns, we show similar behavior when we vary the plate spacing, b, and the flow rate, q. In all cases, R f /R i remains unchanged while the most unstable wavelength continues to vary in agreement with Eq. 1. The images at the top of each column show the patterns at the two extreme values of ∆η, b and q; it is strikingly obvious that they have nearly constant inner radii but very different finger widths. Figure 5 shows the dependence of the size-ratio on viscosity ratio for two sets of fluids, glycerol-water mixtures/silicone oils and mineral oils/silicone oils. These fluids have interfacial tensions that differ by approximately a factor of 25. The two data sets are essentially indistinguishable, indicating that R f /R i is independent of σ and only controlled by η in /η out .
The importance of the relative values of the inner and outer viscosities is in principle also captured in a different commonly used combination of the viscosities: [24, 25] . Clearly, this is just a function of η in /η out . The question is, which is the more natural variable to describe the behavior of the size ratio. In the inset of Fig. 5 , we plot the same data for R f /R i against A. As A approaches 1, the size-ratio increases rapidly within a very small range of A. This suggests that A is a less-suitable parameter than η in /η out to describe the observed global features of the instability.
Taken together, the data in Figs. 3, 4 and 5 show that while the most unstable wavelength is indeed set by Eq. 1, there is a second parameter that characterizes the large-scale features of the patterns. This second parameter, R f /R i , is completely independent of the most unstable wavelength, λ c . It is only set by the viscosity ratio, η in /η out .
Looking at the images presented in this paper, two features immediately pop out and grab our attention. First is the presence of fingers that have characteristic widths given by the most unstable wavelength, λ c . This feature has been studied thoroughly both experimentally and theoretically. However, equally apparent is the large interior region where the inner fluid has completely displaced the outer one. Our data show that only one parameter, η in /η out , which is unrelated to λ c , governs the overall size of this inner circular region. All these experiments have been conducted in a radial Hele-Shaw cell. It is important to see if the large-scale features found here are also present in a linear geometry.
Such an interior region of complete displacement was previously found for miscible fluids where the interfacial tension is negligible [21] . This study raised the question whether this feature resulted from the peculiarity of the singular zero-interfacial-tension limit [26] [27] [28] . The experiments presented here show that this result is very general, applying to both miscible and immiscible pairs of fluids. In particular, with the immiscible fluids studied here, we are able to vary λ c and show conclusively that these two important features of the pattern are independent of one another.
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